Silicon (Si) is a widely used material by the very-large-scale integration technology addressing manufacturing of integrated electronic circuits. Micromachined Si has also shown its advantages in the fabrication of advanced microelectronic, photonic and micro-electro-mechanical system devices whose continuously decreasing dimensions present growing challenges in packaging. In that context, we have investigated an Nd:YAG laser based process for micromachining of back surface of Si (100) wafers. The application of a laser for micromachining brings the advantage of a selective area processing, while the Nd:YAG laser holds the promise of a cost attractive solution. Our experimental results, consistent with temperature simulations, demonstrate that it is possible to melt the back surface of 380 µm thick Si wafers with 100 µm diameter laser pulses of energy between 2.6 and 3.2 mJ/pulse. Microscopic images and profilometry scans have indicated no measurable modification of the front surface of laser-irradiated wafers. Fourier transform infrared absorption spectroscopy data have indicated formation of a porous Si material on the back surface of irradiated wafers that could be dissolved relatively easily in a potassium hydroxide solution.
Introduction
Laser processing of silicon (Si) has attracted growing attention due to the great potential of this material in the fabrication of micro-electro-mechanical systems (MEMS) [1] , opto-electronic devices such as solar cells [2] , metal-onsemiconductor (MOS) devices [3, 4] as well as biosensing devices [5] [6] [7] [8] [9] . For instance, so called infrared (IR) laser (λ=1940 nm) transmission bonding process of Si wafers has been developed as an attractive method of wafer level bonding applied in MEMS packaging [10] . The unique characteristic of the laser is its ability to deliver heat in a localized zone, which reduces the potential for excessive heating of some elements in processed architectures [11, 12] . It has been reported that in comparison to standard bonding techniques, the strength of a so called laser transmission bonding process could be improved by 50% [10] .
The transmission of IR lasers through 400 µm thick Si wafer increases from near 0% to 50% with wavelength increasing from 1000 to 1500 nm [13] . This feature has found application in the development of a stealth dicing technology where an Nd:YAG laser (λ=1064 nm) is focused below the surface of a Si wafer to create cracks that promote dicing during the separation step [14] . Because the stealth dicing process is dry and clean [11, 12] , it has become a powerful tool in dicing of devices fabricated on Si wafers [15] . Goldcoated back surface of Si has been successfully processed with a 1940 nm laser, which allowed bonding two Si wafers [10] . Also, experiments with a femtosecond (fs) laser (λ=1550 nm) have demonstrated that nonlinear absorption of Si allows carrying out structural modification of its back surface and fabrication of grooves with a post-processing etching step [16] . Processing of back surface of Si with a fundamental radiation of an Nd:YAG laser (λ=1064 nm) is not trivial due to the weak absorption of this irradiation by Si at room temperature (α ~ 9.61 cm -1 ). However, the non-linear absorption coefficient of Si that increases to α ~ 7.61 x 10 5 cm -1 at 1700 K, i.e., a melting point of this material [17] , suggests that it should be possible to process back surface of Si wafers with that laser. The potential advantage of using Nd:YAG laser for such a process is a lower cost of ownership and operation in comparison to that of an fs laser.
In this study, we have investigated the feasibility of Nd:YAG laser induced modification of the back surface of Si wafers. Computer modeling of the conditions required to reach the melting point at the back surface of a 380 µm thick wafer was verified experimentally by studying morphological and chemical changes of the processed material using surface profilometry, optical microscopy, Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM) techniques. A series of 10 mm x 10 mm samples were selected from a commercially available 380 μm thick p-type (Boron doped) Si (100) wafer (WRS Materials, San Jose, USA). The wafer was double side polished and its resistivity was 1~10 Ωm. To remove surface contaminants, the samples were cleaned with Opticlear, acetone and isopropyl alcohol, each for 5 minutes. The roughness (σ RMS ) of the cleaned Si sample, as measured by AFM, was around 0.56 nm.
Experiment
The irradiation of Si samples was carried out in air by focusing an Nd:YAG laser (λ = 1064 nm) beam on the back surface of samples using a 225 mm focal length lens with a focusing angle of 0.32 rad, which gave a 100 µm diameter spot on the sample. The full width at half maximum (FWHM) of a Gaussian shape beam, as determined with a Si photo-diode (Thorlabs, DET2-SI), was 112 ns. The laser operating at 10 Hz delivered pulses of energy ranging between 2.6 -3.2 mJ/pulse. The samples were irradiated with 10 pulses as 1 s was the minimum reaction time to control the laser shutter with a homemade control system. The samples' positions were changed by a computer controlled X-Y-Z stage with a step resolution of 10 µm.
The macro surface morphology of the Si wafer was imaged by a microscope (NIKON, Eclipse ME 6000L) and investigated by a profilometry technique (Dektak 150). Cross sections of samples were examined using a scanning electron microscope (SEM) (Supra 55 VP, Zeiss).
The laser-modified material was analyzed using a Hyperion 2000 IR microscope coupled to a Vertex 70v FTIR spectrometer (Bruker Optics) operating in a transmission mode.
Modeling

3.1
One pulse irradiation The back surface temperature was estimated by analyzing heat transfer partial differential equation (PDE) using COMSOL software. The heat transfer PDE equation is expressed as [18] : Fig. 1 (a) shows a 2D temperature distribution inside of a Si wafer (for the clarity shown is only a bottom 110 µm thick slab) irradiated with a 3.2 mJ pulse focused on the back surface (Z = 0) to a 100 µm diameter spot. Fig. 1 (b) illustrates the 1D temperature along Z axis (laser irradiation direction) when the wafer is irradiated with a 3.2 mJ pulse focused on the back surface (solid line) and in the plane shifted by 0.01 mm towards the laser (dashed line). These results illustrate that achieving a desired temperature on the back surface of the irradiated wafer depends strongly on the precision in controlling the position of a focal plane. The shift of the focal plane to Z = 0.01 mm results in the surface temperature being reduced from 1960 K to 1600 K, while the maximum temperature of 1630 K is generated at the focal plane. Temporal plots of the Si back surface temperature induced with laser pulses from 2.0 to 3.6 mJ are shown in Fig. 2 . These results indicate that to reach a melting point of the wafer, it has to be irradiated with a pulse energy of ~ 2.8 mJ.
The duration time of Si in the molten phase increases with pulse energy, and for a 3.6 mJ/pulse it reaches 200 ns. As the temperature of the Si front surface is practically unaffected by the laser, we assumed in our calculations that its reflectivity remained at 0.3 [22] . The refractive index changes when the solid phase Si is molten by laser heating [20] , which corresponds to an estimated increase of the back surface reflectivity by 10%. However, as the absorption coefficient of molten Si is around 7.6x10
, most of the laser energy is absorbed by this phase Si. Furthermore, we find that the reflectivity at the interface of solid and molten Si is very weak (0.002), so the reduction of absorbed energy due to formation of this interface is negligible. Therefore, no obvious breaking is observed in the otherwise monotonic behavior of time dependent temperature of the Si back surface, which is in contrast to the results of laser induced melting of the Si front surface [21] . Table 2 shows temperatures of the back surface of the irradiated Si wafer for selected times elapsed from the onset of the irradiation. A slow decay of the temperature is evident, especially after 1 µs from the onset of the irradiation. For instance, for the wafer irradiated with a 3.6 mJ/pulse, it takes 6 ms for the back surface of the wafer drop to 370.8 K, while the temperature of a wafer irradiated with a 2.0 mJ/pulse remains at 339.0 K for the same time elapsed from the onset of the irradiation. This increased temperature of the wafer will contribute to the maximum temperature induced by a consecutive pulse. Fig. 3 shows the estimated back surface temperature vs. time of a wafer irradiated with 10 pulses of energy at 2.4 mJ/pulse (a), 3.2 mJ/pulse (b). The dash line in this figure indicates the melting temperature of Si at 1690 K. It can be seen that when irradiated with a train of 2.4 mJ pulses, it takes a minimum of 3 pulses for the wafer to reach the melting temperature. In contrast, the wafer irradiated at 3.2 mJ/pulse remains at the melting temperature for the increasing time with each pulse delivered by the laser.
Ten pulse irradiation
The maximum temperature induced with 10 pulses of 3.2 mJ/pulse is 2390 K, which significantly exceeds the melting threshold of Si. 
Results and discussions
Surface morphology modification of Si irradiated with 10 pulses of the Nd:YAG laser
A microscopic image of the front surface of the Si sample irradiated with 10 pulses of the Nd:YAG laser delivering 3.2 mJ/pulse is shown in Fig. 4(a) . It can be noticed that, consistent with the calculated temperature profiles, no visible damage has been induced to this material. In contrast, a significant surface modification has been observed on the back surface of samples irradiated with a train of 10 pulses of energy 2.4, 2.8 and 3.2 mJ/pulse, as shown by microscopic images in Fig. 4(b) , (c) and (d), respectively. A series of DEKTAK line scans associated with these figures illustrate qualitatively the extent of laser-induced zones of swollen material. It can be seen that they extend from 90 to 200 µm for laser pulse energy increasing from 2.4 to 3.2 mJ/pulse, while the maximum height of the swollen material increased from near 2 to almost 4 µm for the same pulse energy range. No visible laser induced damage to the front surface was observed for all processed samples. A DEKTAK reference scan of the front surface of a sample irradiated with 10 pulses at 3.2 mJ/pulse indicates that the amplitude of roughness fluctuation is below 0.1 µm in height. The imperfect overlapping of laser spots during the 10-pulse irradiation, which most likely is related to microscopic displacements of samples not physically immobilized on the X-Y-Z stage, seems responsible for the observed irregular extensions of the laser affected zones, especially observed for samples irradiated with pulses at 2.8 and 3.2 mJ/pulse.
To reveal cross-section of laser-irradiated sites, the samples were cleaved along a line crossing the site of interest. Fig. 5 (a) shows a cross section SEM image of Si site irradiated with 10 pulses at 2.8 mJ/pulse. It can be seen that the width of a damaged zone is around 140 µm, consistent with the result shown in Fig. 4 (c) . A zone of the swollen material could be observed in this case. This is most likely due to the laser-induced melting and re-solidification of Si [23] . However, it is also possible that some material was ejected during this process and re-deposited in the Si surface [24] . The material ejection from molten Si has been documented with mass spectroscopy [25, 26] and some SEM supported data, similar to that shown in Fig. 5 (a) , have reported that Nd:YAG laser ejected Si could piled up on the surface near the irradiated sites [24] . Fig. 5 (b) shows a cross section SEM image of the same sample after it was immersed in a KOH solution for 25 minutes at 30°C. It can be seen that the etching procedure has revealed a selectively removed 28.3 µm deep crater extending over a 190-µm distance. This result is consistent with a selective area KOH etching of laser modified Si reported by Ito et al. [16] , as well as with a study of the mechanisms driving laser assisted chemical etching of Si [27] . 
Chemical modifications of Si induced by Nd:YAG laser with 10 pulses
FTIR measurements were carried out to investigate Si chemical modification during Nd: YAG laser irradiation. Fig.  6 (a) shows the optical image of the Si sample back surface irradiated with a train of 10 pulses at 2.8 mJ/pulse focused on that surface. For the purpose of illustrating the effect of laser irradiation on the chemistry of Si, we carried out FTIR transmission measurements for a series of spots along a line crossing one of the laser irradiated sites (indicated with a number from 1 to 10). The laser irradiation region (indicated with a red circle) shows obvious back surface morphology modification. Fig. 6 (b) shows the FTIR transmission spectra of different regions of laser irradiated Si sample. The numbers (from 1 to 10) in FTIR spectra (b) indicate that the spectrum is attributed to the circle site in microscopic image (a) marked with same value. As the silicon oxide (silica) wavelength peak is always reported to be <1300 cm -1 , the FTIR spectra were illustrated in the range of 800 cm -1 -1300 cm -1 [28] [29] [30] . It shows that the shape of the spectra is different from non-irradiated sites (e.g. 1, 2) to the irradiated ones (e.g. 5, 6, 7). The high absorbance peak around 1100 cm -1 indicates the presence of silicon oxides on the surface. The peak position shifted from 1108 cm (green dash line), as shown in Fig. 6 (b) , which is possibly due to porosity change in Si [31] . The absorbance in low frequency region (≤ 900 cm -1 ) is assigned to oxidized hydride deformation mode, -O y Si-H x [29] . The front surface on laser-irradiated sites is expected to be chemically stable, as their temperature remains well below the temperature threshold (873 K) for breaking Si-Si bonds in an air environment [30] .
The FTIR spectra of (a) non-irradiated (Spot No 1) and (b) irradiated Si (Spot No 5) have been fitted with Gaussian curves according to reference [30] , as shown in Fig. 7 . The peak around 870 cm -1 originates from -O y Si-H x and the peak at 970 cm -1 originates from Si-OH, while the peak at 1231 cm -1 is attributed to the Si-N-Si. The modes covered from 1000 cm -1 to 1200 cm -1 are assigned to various SiO x species [29, 31] , with the peak around 1150 cm originates from Si-O-Si stretching mode of oxidized porous Si [29] . The intensity ratio of the porous Si oxide to the crystal Si oxide peaks increased from 0.36 on the non-irradiated to 6.47 on the irradiated site. The increased Si porosity in the laser irradiated zone is related to the laser induced heat effects [29, 30] . Due to laser-induced material ejection [32] and re-solidification [23] , a significant concentration of voids is generated in the processed material, promoting formation of the increased porosity of Si. This modified material is preferentially etched in the KOH solution, as shown in Fig. 5 (b) . pulses of an Nd:YAG laser at 2.8 mJ/pulse, and (b) FTIR transmission spectra of sites 1 to 10 as defined in Fig. 6 (b) . The appearance of a short-wavenumber shoulder at 1070 cm -1 is related to the formation of porous Si oxides.
These results indicate that Nd:YAG laser processing of Si wafers is feasible for melting of their back surface, without inducing measurable changes to their front surface morphology and chemistry. The method has the potential for fusing Si wafers with Si, or with other materials important for microelectronic packaging and integration with, e.g., biocompatible materials. The Nd:YAG laser irradiation of the back surface of Si in air leads to formation of an oxidized, porous layer of material that could be removed relatively easily with a KOH solution. 
Summary and discussions
We have investigated processing of 380 µm thick Si (001) wafers with a pulsed Nd:YAG laser (λ = 1064 nm, τ = 112 ns) beam focused to a 100 µm spot on the back surface of the wafers. Computer modeling suggests that melting of the back surface (1690 K) can be achieved with a train of 4 pulses of energy at 2.4 mJ/pulse, while the same temperature could be induced with just 1 pulse of energy at 3.2 mJ/pulse. The significantly modified surface morphology (swelling) of wafers processed in air with 10 pulses at 2.4, 2.8 and 3.2 mJ/pulse has been observed with DEKTAK profiling and cross-sectional SEM images. The swelling is consistent with a transition of the crystalline phase of Si into an oxidized, amorphous Si. Formation of a chemically modified Si has been confirmed by FTIR absorption spectroscopy. Selectivearea melting of back surface of Si wafers with an Nd:YAG laser offers a potentially cost-attractive method for packaging of advanced microelectronic/photonic devices. The investigated method could also be employed for micromachining of back surface of Si wafers exposed in air or atmospheres of other gases designed specifically for selective area etching of this material. 
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